Background: Distraction advancement has been advocated for treatment of obstructive sleep apnea associated with congenital midface hypoplasia. The purpose of this study was to relate changes in maxillary position to changes in obstructive sleep apnea measures on polysomnography in a consecutive series of patients. Methods: Among 26 syndromic pediatric patients undergoing Le Fort III distraction over a 5-year period, 15 had documented obstructive sleep apnea with an apnea hypopnea index greater than 5. Linear and angular displacement of key bone landmarks were measured using quantitative computed tomographic scan analysis before and after distraction. Differences of linear and angular movements of maxillary landmarks were tested between those patients with improvement of obstructive sleep apnea (apnea hypopnea index Ͻ5) after treatment, and those with no improvement. Results: Mean postoperative apnea hypopnea index was 9.5 (range, 2.1 to 22.7). Eight patients had a decrease in apnea hypopnea index following distraction (improved group) and three additional patients had resolution of symptoms but declined postoperation polysomnography. Four had no improvement or worsening of apnea hypopnea index (no improvement group). Comparison of changes in maxillary position between the improved group and the no improvement group revealed no significant difference in magnitude or direction of linear displacement of key landmarks. Postdistraction change in sella-nasion-point A angle was the only measure significantly (p ϭ 0.02) greater in the improved group. Conclusions: Based on the authors' comparison of quantitative bone measurements and associated polysomnography changes, an angular increase in sellanasion-point A angle on presurgical planning of maxillary movement for the treatment of sleep apnea may be more important than absolute linear changes in maxillary position alone. (Plast.
M
anagement of obstructive sleep apnea associated with congenital midface hypoplasia is patient specific and requires interdisciplinary evaluation to tailor the intervention. [1] [2] [3] [4] [5] [6] [7] [8] Treatments can range from nonsurgical options such as nocturnal use of positive airway pressure systems, to operations such as tonsillectomy or adenoidectomy, airway reconstruction, or tracheostomy. 1, 3, 8 The Le Fort III osteotomy with distraction osteogenesis advancement is a recognized treatment of obstructive sleep apnea in the immature skeleton of children with functional midface hypoplasia secondary to craniofacial dysostosis and isolated nasopharyngeal obstruction. 6,9 -12 In addition to improving external facial deformity, the advancement has been demonstrated anatomically to improve the nasopharyngeal stenosis as-sociated with midface retrusion. 10 Reports to date on the effect of Le Fort III distraction advancement on sleep apnea symptoms have been favorable, but have not included objective measures of both degree of maxillary advancement and quantification of sleep apnea for all patients. 9 -13 The benefit of this treatment may be clarified with an evaluation of the association between an objective measure of sleep apnea and the degree of maxillary movement in a group of patients.
The purpose of this study is to relate changes in sleep apnea measures on polysomnography to associated perioperative changes in relative maxillary position in a consecutive series of children undergoing external Le Fort III distraction advancement for syndromic midface hypoplasia. Our hypothesis is that the Le Fort III distraction is an effective method for treating sleep apnea in this population, but that treatment success is based not purely on degree of linear advancement of the anterior occlusion but rather on the maxillary movement relative to the skull base.
PATIENTS AND METHODS

Study Cohort
A retrospective medical record review was performed at our institution between 2002 and 2007. Inclusion criteria was Le Fort III distraction surgery for congenital midface hypoplasia, preoperative and postoperative polysomnographic studies as an objective measure of apnea, computed tomographic scans as an objective measure of maxillary movement, and objective evidence of clinically significant preoperative sleep apnea determined by a polysomnographic apnea hypopnea index of greater than 5. Le Fort III surgery cases for indications other than treatment of sleep apnea were excluded. Twenty-six patients were identified as having undergone Le Fort III distraction advancement for midface hypoplasia over the 5-year period. Twelve patients met the inclusion criteria. Average age at the time of surgery was 8.6 years (range, 4.6 to 17.8 years); the diagnoses are listed in Table 1 . Two additional patients met all inclusion criteria with the exception of not having undergone postoperative polysomnography. On interdisciplinary evaluation, they both had clinical resolution of the sleep apnea symptoms but refused postoperative polysomnography. Although these two patients were excluded from the Results section because they did not meet one of the study criteria, a repeated analysis was performed on all 14 consecutive patients, including these two in the improved group, with no alteration of the outcome of the final analysis.
Polysomnography
Each polysomnograph lasted at least 6 hours and was performed in an accredited pediatricspecific sleep laboratory setting, which included a private darkened room free of distraction. All data were recorded into a computer-based acquisition and analysis program (Rembrandt; Medcare, Buffalo, N.Y.), scored by certified technologists, and The apnea hypopnea index was defined as the total number of respiratory disturbances averaged per hour of total sleep time. All measures captured by the polysomnogram were analyzed by an interdisciplinary airway team in making the diagnosis of sleep apnea and its resolution. For the purposes of this study, a threshold apnea hypopnea index value of 5 was used as a single measure to delineate clinically significant sleep apnea (apnea hypopnea index Ͼ5) from normal airway function (apnea hypopnea index Յ5) in accordance with previously described pediatric standards. 15 Previous studies have recognized the apnea hypopnea index as a suitable outcome measure of surgical sleep intervention. 9, 12, 16 
Computed Tomographic Scan Measurements
Preoperative computed tomographic scans were obtained within 6 months of surgery, and postoperative computed tomographic scans were obtained on removal of the distraction device after completion of the consolidation phase. Quantitative analysis was performed using InVivo Dental analysis software (Anatomage, San Jose, Calif.). All reference points for maxillary position were recognized bone landmarks directly related to the skull base. Mobile elements (i.e., mandible or cervical spine) and soft-tissue landmarks (i.e., tongue base, pharyngeal wall, and uvula) were not used because of the effect of neck position, supine positioning, airway tubes, and swelling on their reliability. All measurements were completed by a single individual in triplicate to eliminate interobserver variability and confirm that intraobserver variability was less than 1 mm. Averaged values were used for the analysis.
Three-dimensional volumetric renderings were generated for each computed tomographic scan and centered on the sella turcica as the primary vertex of rotation. The sagittal, coronal, and axial planes were oriented relative to the sella-nasion plane. The nasion point was chosen as a point above the nasal osteotomy that could be reliably identified on both computed tomographic scans for each patient.
The change of maxillary position between the preoperative and post-device removal computed tomographic scans was measured at the upper incisal edge, anterior nasal spine, and posterior nasal spine position relative to the sella-nasion plane. These changes in x and y position were used to calculate a magnitude of the distraction vector movement at these three points and a direction of the movement relative to the sella-nasion plane (Fig. 1) .
Changes in sella-nasion-point A angle and sellanasion-posterior nasal spine angle were also calculated as a combined measure of both magnitude and direction of the anterior and posterior maxilla relative to the skull base. Point A was identified as the midline junction of the anterior nasal spine's base with the alveolar process of the maxilla (Fig. 1) .
Statistical Analysis
Mean differences of distance and angle measurements were tested between groups defined by resolution of sleep apnea, and p values determining whether there were differences between the groups were calculated using Wilcoxon rank sum tests (Figs. 2 and 3) with Stata SE 10.1 (Stata Corp., College Station, Texas).
RESULTS
All study patients had documented symptoms of sleep apnea with apnea hypopnea index greater than 5 before surgery (mean, 20.7; range, 5.7 to 51.3). Twelve of the 14 patients had documented preoperative central apnea ( Table 1) .
The cohort's overall postoperative mean apnea hypopnea index was 9.5 (range, 2.1 to 22.7) following Le Fort III distraction. Eight of the 12 patients with postdistraction polysomnographic studies had a decrease in apnea hypopnea index following distraction (improved group) and four had no improvement or worsening of apnea hypopnea index (no improvement group) ( Table  1 ). Seven of the eight patients with a decrease in apnea hypopnea index had resolution of their Plastic and Reconstructive Surgery • April 2011 The magnitude of linear movement of each anatomical landmark was calculated relative to the sella-nasion plane. The movement of the sella-nasion-point A angle is used as an example; x movement was measured parallel to the sella-nasion and y movement was measured perpendicular to the sella-nasion before and after advancement. Using the trigonometry equations listed in the bottom left, the change in these two values allows calculation of absolute linear movement of each landmark (movement) and direction of movement (⌰) relative to the sella-nasion. SQR, square root; TAN, tangent. Of the four patients with no improvement in apnea hypopnea index following distraction, two had the diagnosis of Apert syndrome and two had achondroplasia. None of the separate vector measurements (magnitude or direction) of upper incisal edge, posterior nasal spine, or anterior nasal spine displacement relative to skull base following distraction were individually significantly different between the two groups on statistical comparison of means (Fig. 2) .
The change in sella-nasion-point A angle as a combined measure of magnitude and direction of movement following distraction was significantly different between the two groups (p ϭ 0.0047, Wilcoxon rank sum test), with a larger change in sella-nasion-point A angle being observed in the group with improvement in apnea hypopnea index. Although a larger change in sella-nasion-posterior nasal spine angle was observed in the group with improved sleep symptoms, this difference may have been attributable to chance (p ϭ 0.07) (Fig. 3) . The analysis was also repeated including the two patients without postdistraction polysomnography but clinical resolution of obstructive sleep apnea symptoms in the improved group. The isolated significant difference in sella-nasionpoint A angle between the two groups remained.
DISCUSSION
Recent articles have reported an improvement in obstructive sleep apnea symptoms following Le Fort III with external distraction, but either have relied on subjective criteria such as parental reports of snoring, nocturnal awakening, or apnea or have not provided quantitative changes in polysomnographic studies. Obstructive sleep apnea in patients with congenital midface hypoplasia is a unifying diagnosis of a multifactorial problem, with the only objective measure of improvement currently available being quantitative polysomnography. Of the information available from polysomnography, the apnea hypopnea index is the most recognized single value of changes in obstructive apnea. We have followed a standardized protocol of perioperative polysomnography testing and computed tomographic imaging for all patients undergoing Le Fort III distraction, which has allowed us to retrospectively document which patients had obstructive sleep apnea based on an apnea hypopnea index threshold, and which im- Fig. 3 . Change in angular measurements of midface movement relative to skull base in patients undergoing Le Fort III distraction advancement for treatment of documented sleep apnea. The patients were divided into two groups based on improvement in apnea hypopnea index measures of sleep apnea on polysomnography as described in the text. There was a significant difference in the increase in sella-nasion-point A angle between the two groups (p ϭ 0.005, Wilcoxon rank sum test). Although there was a difference in the mean change in sella-nasion-posterior nasal spine angle, this was not significant on analysis (p ϭ 0.07). SNA, sella-nasion-point A angle; SNP, sellanasion-posterior nasal spine angle; FH, Frankfort horizontal; N.S., not significant (p Ͼ 0.10).
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proved following distraction advancement. The computed tomographic data on these patients provided three-dimensional measurements of the maxillary movement that occurred along with these changes in apnea hypopnea index. We found that Le Fort III distraction is successful in improving the apnea hypopnea index in over twothirds of the patients studied. Furthermore, we found that there was a significant difference in the change in angular measurement of the anterior maxilla to the skull base (sella-nasion-point A angle) in the patients who had improvement in apnea hypopnea index compared with those who did not, but not in the magnitude or direction of maxillary movement alone.
Fearon previously reported on a series of 12 patients who had both preoperative and postoperative polysomnographic studies available for review. 9 This study described changes in the respiratory disturbance index in place of the apnea hypopnea index and reported an average respiratory disturbance index improvement of 24 to 11 following Le Fort III distraction. These results are similar to the average group apnea hypopnea index improvements of 19.0 to 9.1 we report here in the same number of patients. Although Fearon's subgroup showed an overall improvement in sleep apnea symptoms and respiratory disturbance index, a respiratory disturbance index threshold of resolution was not set, and a comparison of individual measures of maxillary movement relative to change in respiratory disturbance index was not reported.
The New York University group recently reported on quantitative anatomical airway changes associated with Le Fort III distraction osteogenesis in patients with congenital midface hypoplasia. 10 This study by Flores et al. reported on a cohort of 20 patients, eight of whom were characterized as having severe sleep apnea (respiratory disturbance index Ͼ10) and one of whom had moderate apnea (respiratory disturbance index of 5 to 10) as based on preoperative polysomnography. Eight of these nine patients had reported improvements in airway function as determined by subjective report of change in clinical symptoms such as snoring or daytime somnolence. Three of these eight also had postdistraction polysomnography, similar to the 12 patients in our study. They found that the respiratory disturbance index of two of these three went from a respiratory disturbance index greater than 10 to one ranging from 5 to 10, and the third went from a respiratory disturbance index greater than 10 to one less than 5.
Maxillary movement was measured on lateral cephalographic images in the study by Flores et al., compared with computed tomographic images in our study. Maxillary advancement, however, was comparable between the two studies, with the average sagittal advancement of point A in the study by Flores et al. being 16.2 mm (range, 6.2 to 26.1 mm), comparable to the average upper incisal edge movement in our series of 16.6 mm (range, 7.3 to 31.1 mm). Although the study by Flores et al. was able to provide detailed quantitative data on the maxillary movement that occurred following distraction, they recognized in their conclusions that although midface distraction appears to improve airway function, "more postoperative sleep studies would be necessary to make a definitive conclusion." In combination with this article, our series of 12 patients with preoperative and postoperative polysomnographic measurements and three additional patients with preoperative polysomnography and clinical resolution of sleep apnea symptoms does provide quantitative evidence that midface distraction improves sleep apnea in the majority of patients.
With both computed tomographic and polysomnographic studies available on our patients, we were able to dichotomize our series into improvement in apnea hypopnea index and no improvement groups based on a postdistraction apnea hypopnea index threshold of 5 justified by previous literature. 9, 12, 15, 16 We examined whether postdistraction changes in the magnitude or direction of linear movements of three maxillary landmarks (anterior nasal spine, posterior nasal spine, and upper incisal edge) and in two angular measurements of movement (sella-nasion-point A angle and sella-nasion-posterior nasal spine angle) differed between the two groups. The eight patients in the improved group showed an overall increase in sella-nasion-point A angle of 22.8 degrees (range, 12.4 to 41.1 degrees) compared with 7.6 degrees (range, 3.4 to 9.5 degrees) in the four patients with no improvement. This significant difference was not found between the two groups in sella-nasion-posterior nasal spine angle change or in absolute linear displacement of key landmarks. When the analysis was repeated including the two patients with sleep apnea on preoperative polysomnography and clinical resolution but no postoperative polysomnography (a total of 10 improved and four not improved), the isolated significant difference in sella-nasion-point A angle remained.
Compared with linear displacement, the sellanasion-point A angle is affected by a number of Volume 127, Number 4 • Le Fort III Distraction for Sleep Apnea factors, including skull base angle, distance of point A from the nasion, and the vector of movement relative to the skull base. The steeper the skull base (the more acute the sella-nasion-point A angle) preoperatively, the more change in sellanasion-point A angle overall for a given linear movement of the maxilla there will be. The closer point A is to the nasion (the shorter the length of nasion-point A), the more change in sella-nasionpoint A angle for a given linear movement there will be. Finally, the more parallel the vector of distraction relative to the sella-nasion, the more change per millimeter of linear movement there will be. There was no difference in the preoperative relationship of the sella-nasion plane to the Frankfort horizontal plane between the two groups (Fig. 3) . This suggests that the difference in sella-nasion-point A angle between the two groups was not simply attributable to an intrinsic difference in the skull base angle of the two groups of patients.
Work from the Dutch group at the Erasmus Medical Center is consistent with our findings that airway improvement is correlated with angular but not linear measurements of midface movement. A recent study by Nout et al. 13 measured the threedimensional airway volume changes in a group of syndromic patients undergoing Le Fort III distraction for various clinical indications to see whether there was a correlation between magnitude of linear movement of the maxilla and the degree of upper airway volume expansion. They did not find a statistically significant correlation between either horizontal or vertical movement of the midface and the volume gain in upper airway, which is consistent with our findings that linear movement was not correlated with improvement on polysomnography (Fig. 2) . However, they did find a significant correlation between a volume increase and increase in an angle measured between a skull base plane (sella-roof of orbit) and a vertical facial plane (roof of orbit-point A). This sellaroof of orbit-point A angle is anatomically comparable to the sella-nasion-point A angle measure in our study. Our two studies are therefore in agreement that because of the complex anatomy of the airway in these patients, angular measurements rather than linear measurements may be more important in planning midface movements in airway improvement operations.
Of the 19 patients in the study by Nout et al., 13 sleep apnea was an indication for treatment in only four. For these four patients, the authors reported significant improvement in polysomnography measures before and after surgery but did not provide the apnea hypopnea index or respiratory disturbance index results. They concluded that research in their group is underway to link the outcome of volume measurements to changes in polysomnographic measures. Our study did find a correlation between quantitative changes on polysomnography and an increase in sella-nasionpoint A angle in 12 consecutive patients undergoing Le Fort III distraction for treatment of sleep apnea. Given that the sella-roof of orbit-point A angle measure in their study is comparable to sella-nasion-point A angle, and that they have found the sella-roof of orbit-point A angle to be correlated to an increase in airway volume, we would therefore strongly predict that their volume measurements will correlate with future polysomnographic results, and we eagerly await their corroborating data. It is not clinically practical to plan a Le Fort III distraction vector based solely on what would maximize an increase in sella-nasion-point A angle. If this was the case, all distraction vectors would be parallel to the sella-nasion plane, which is not anatomically practical. In some patients, the vector that is ideal for facial aesthetics based on the malar-orbital relationship will also create a desirable increase in sella-nasion-point A angle. In some patients, however, a movement more perpendicular to the sella-nasion plane may be planned to attempt to lengthen the shortened midface, which would not result in an appreciable increase in the sella-nasion-point A angle. Based on the patients who did improve, presurgical planning may need to be modified to balance the desired advancement and/or lengthening based on anatomy, with the movement required to at least increase the sella-nasion-point A angle by 12 degrees. It is important to emphasize that this is recommended for the small subgroup of patients undergoing Le Fort III distraction for documented obstructive sleep apnea, and not for other indications.
This study demonstrates a correlation between angular measures of midface advancement and quantitative measures of sleep apnea improvement in a consecutive series of patients. Based on our comparison of bony measurements and associated quantitative apnea hypopnea index changes, angular changes in the sella-nasion-point A angle appear to be more important than the linear changes in maxillary position that are currently used clinically in surgical planning. Syndromes or individual anatomical variations that limit the sella-nasion-point A angle increases because of the risk of creating an iatrogenic deformity elsewhere (i.e., enophthalmos or severe malPlastic and Reconstructive Surgery • April 2011 occlusion) need modified techniques to achieve differential movement or the bony anatomy surrounding the nasopharyngeal airway. We will continue to prospectively follow our patients undergoing Le Fort III distraction for documented sleep apnea, and take the anticipated change in sella-nasion-point A angle into consideration when planning the direction and rotation of advancement. 
